The size effect on the seismic performance of conventional reinforced concrete columns has been observed in terms of flexural failure and shear failure. Under earthquake loading, slender columns experience flexural failure, and short columns experience flexure-shear failure and shear failure. However, the effect of section size on the seismic performance of high-strength reinforced concrete columns under the conditions of different shear span-to-depth ratios requires further confirmation. For this purpose, six high-strength reinforced concrete columns with shear span-to-depth ratios of 2 and 4 were subjected to cyclic loading in this study. The experimental results indicated that relative nominal flexural strength, energy dissipation coefficient, factor of safety, and local factor of safety all exhibited a strong size effect by decreasing with increasing column size. Furthermore, the size effect became stronger as the shear span-to-depth ratio was increased, except for average energy dissipation coefficient. The observed changes in the factor of safety were in good agreement with the Type 2 size effect model proposed by Bažant. Thus, based on the local factor of safety and Bažant's Type 2 model, the code equation for moment capacity of different shear span-to-depth ratios was modified to provide a consistent factor of safety regardless of column size.
Introduction
Under the action of seismic activities, reinforced concrete (RC) columns (e.g., bridge piers and middle columns of underground structures) would bear not only the vertical and lateral loads but also the torsional effect [1] . Slender columns and short columns possess sufficient ductility considering the conditions of satisfying the shear bearing capacity of inclined sections. However, the shear deformation ratio and angle of the flexure-shear crack are large for short columns because of their small shear span-to-depth ratio. For slender columns, the flexural deformation ratio is large and the angle of the flexure-shear crack is small. For example, flexural failure, flexure-shear failure, and shear failure were observed in such columns during the Wenchuan earthquake [2, 3] . In the event of strong seismic activity, structures with serious damage to the main bearing members would collapse, leading to serious loss of life and property. Therefore, structural bearing capacity is an important safety concern for designers. Current design codes, including the Chinese code [4] and ACI code [5] , are based on the theory of limit states justified by the theory of plasticity, which implies that the code provisions for moment capacity do not consider size effect. Nevertheless, existing theories [6] [7] [8] [9] [10] [11] [12] [13] [14] demonstrate that the size of columns affect their seismic performance. A large number of experimental results have demonstrated existence of the size effect in plain and reinforced concrete components, such as plain concrete columns [15, 16] , RC beams [17] [18] [19] , RC columns [20] [21] [22] , and RC beam-column joints [23, 24] . Moreover, the size effect is significantly stronger in highstrength reinforced concrete deep beam with large shear span-to-depth ratio than that with small shear span ratio [17] . However, for columns with different shear span-to-depth ratios, the size effect on the seismic performance of highstrength RC columns remains to be clarified. The effect of structural size on nominal strength is an old problem [6] . The structural ultimate load predicted by any deterministic strength theory (e.g., the elastic, plastic, or elastoplastic strength criteria) applied to ductile materials exhibits no size effect. In 1921, Griffith [7] proposed linear elastic fracture mechanics (LFEM) and introduced fracture mechanics into the study of the size effect. For brittle, geometrically similar structures, LEFM shows that nominal strength decreases as structure size increases, following the trend of an inclined asymptote with a slope of -1/2. Then, Weibull [8, 9] derived an equation capturing the size effect on mean structural strength based on the Weibull distribution. This approach is certainly valid for various fine-grain ceramics and metal structures embrittled by fatigue. Bažant identified the Type 1 [6, 12] , Type 2 [10] , and universal size effect laws [13] . These laws are suitable for quasi-brittle materials, such as plain and reinforced concrete components, whose properties are between those of ductile and brittle materials. In recent research, Hoover et al. [14] established an improved universal size effect model. Considering the absence or presence of a statistical size effect, the improved universal size effect model can be divided into two types. The relationship between these various size effect models has been described in the literature [25, 26] . In addition to the nominal strength derived from deterministic strength theory, all models show that the nominal strength decreases with the increase of the component size.
Mathematical Problems in Engineering
Research on the size effect of reinforced concrete column has been focused on conventional concrete [27] [28] [29] , including specimens with shear span-to-depth ratios of 2 and 4. The former experience shear failure, and the latter experience flexural failure. The relative nominal shear strength, energy dissipation coefficient, factor of safety, and nominal flexural strength were found to decrease as the section size increased, showing a pronounced size effect. However, systematical analyses of the size effect on the seismic performance of high-strength RC columns with different shear span-to-depth ratios have rarely been performed. Yang et al. [17] found that high-strength reinforced concrete deep beams with a shear span-to-depth ratio of 0.5 were less sensitive to the size effect than those with a shear span-to-depth ratio of 1.
However, the effect of section size on the seismic performance of high-strength reinforced concrete columns under the conditions of different shear span-to-depth ratios requires further confirmation.
In this study, high-strength RC columns with different shear span-to-depth ratios were subjected to cyclic loading. Based on test results, the failure behavior and size effect rule for different seismic parameters were obtained, and the size effect on the seismic performance of high-strength RC columns with different span-to-depth ratios was confirmed. In total, six high-strength RC columns were investigated experimentally, maintaining geometrically proportional sizes of the materials and components. For short columns with a shear span-to-depth ratio of 2, the section sizes of the tested specimens were 300, 500, and 700 mm, and the column lengths were 546, 910, and 1274 mm. For slender columns with a shear span-to-depth ratio of 4, the section sizes of tested specimens were same as mentioned above, but the column lengths were 1092, 1820, and 2548 mm.
Experimental Program

Material Properties.
The mixture proportions of the concrete adopted in this study are listed in Table 1 . The type of cement was P42.5 Portland cement, and the mix consisted of medium sand as the fine aggregate (average diameter of 2.7 mm) and crushed pebble stones as the coarse aggregate (average diameter of 5-25 mm). The slump of the concrete was 160 ± 20 mm. The material properties of concrete are summarized in Table 2 . Tested according to the Chinese Standards for the mechanical properties of concrete (GB/T 50081-2002) [30] , the average compressive strengths of standard 150-mm cubic concrete samples were 65.57 and 67.98 MPa, respectively, the average compressive strengths of standard 150 × 150 × 300 mm prismatic concrete samples were 48.77 and 49.67 MPa, respectively, and the average tensile strengths of standard 150 × 150 × 150 mm cubic concrete samples were 3.48 and 3.76 MPa, respectively. Due to a large amount of casting, it was divided into two batches. Thus, there were two types of concrete strength.
The material properties of the steel rebar used in the test specimens are listed in Table 3 . Material properties, including yield strength, ultimate tensile strength, modulus of elasticity, and yield strain, were determined according to the Chinese WF-3-2: a flexural component subjected to cyclic loading (the corresponding numbers represent cross sectional dimensions of the specimen in hundreds of millimeters and shear span-to-depth ratio); and ℎ: cross sectional dimensions; : total height of the column and spherical hinge (+300 represents spherical hinge height); ck : axial compressive strength of the concrete. Shear span-to-depth ratio is given by /ℎ 0 , and is determined by /( ℎ 0 ), where is the required tensile or compressive steel area and ℎ 0 is the effective depth of the column. standard for determining the mechanical properties of steel (GB/T 228.1-2010) [31] .
Specimen Description.
The sizes of the tested columns were 300, 500, and 700 mm, and the longitudinal bar size and spacing, stirrup size, and thickness of concrete cover of each specimen were scaled proportionally according to the column size. The details of the specimens and bars are provided in Table 4 , along with an explanation of test specimen nomenclature. Reinforcement details and column dimensions are shown in Figure 1 , including the specimens with shear span-to-depth ratios of 2 and 4.
Loading Apparatus and Loading Scheme
Loading Apparatus.
A total of six high-strength RC columns of three different structural sizes were investigated experimentally. The 300-mm specimens were tested using small range actuators (shown in Figure 2 (a)) that provided vertical and horizontal maximum loads of 2000 kN and 500 kN. However, because the axial compression of the other specimens was very large, the loading apparatus in Figure 2 (a) could not provide sufficient axial loading. Thus, the 500-and 700-mm specimens were tested in a slightly different configuration with more powerful large range actuators (Figure 2(b) ) that provided vertical and horizontal maximum loads of 40000 kN and 4000 kN. The axial load was provided by the vertical actuator, and the horizontal load was provided by the horizontal actuator. Displacement was measured using an LVDT in the locations shown in Figure 2 , and the measured 퐻 0 was used as the theoretical height of the column in later calculations.
Loading Scheme.
The horizontal load simulated the effect of seismic action in the form of cyclic loading, while the vertical load applied by the actuator was held constant at an axial load ratio of 0.4 for the entire test as the specimen was loaded horizontally until failure. The load-displacement hybrid control method was used in the loading system: prior to specimen yielding, the load was applied in load increments, while, after yielding, the load was applied in displacement increments.
For columns subjected to cyclic loading, the horizontal load was applied to the columns at 20, 40, 60, 80, and 100% of the yield load. After reaching the yield load, the displacement at yield, Δ y was used to set the applied horizontal displacement control load in multiples, i.e., Δ , 1.5Δ , 2Δ , 2.5Δ . . . . . . 푛Δ y , until failure, defined as the decrease in the apparent load capacity to 85% of the maximum supported load [32] . For specimens subjected to cyclic loading, one cycle was applied at each preyield load level and two cycles were applied at each postyield displacement level. The loading scheme is described in Figure 3 .
Arrangement of Strain Gauges.
The strains in the longitudinal bars and stirrups were measured using strain gauges at the locations shown in Figure 4 . Then the stressstrain relationship of the steel was used to compute the bar stresses to verify the force in and deformation of the specimens. For longitudinal bars, five levels of strain gauges were applied at the column height for all columns. For the stirrups of short columns, 4 levels were applied, and for the slender columns, 2 levels were applied. 
Results and Discussion
Failure Modes
Cyclic Specimens with a Shear Span-to-Depth Ratio of 2.
The development of the failure modes under cyclic loading of the specimens with a shear span-to-depth ratio of 2 is shown in Figure 5 . It includes three stages: yield load, maximum load, and failure load. Three main types of cracks were mainly observed, including flexure-shear cracks, splitting cracks, and few bond cracks. The location of failure on tested columns was in the plastic hinge region. The size of grid was 50mm, which reflected the heights of failure. For WF-3-2, WF-5-2, and WF-7-2, the heights of failure were approximately 300, 910, and 1274 mm.
(1) A horizontal crack occurred in the position of the maximum moment when the yield load was reached. Meanwhile, there were flexure-shear cracks in the upper portion of the specimens. Moreover, for specimen WF-7-2, bond cracks that might be caused by the slip between longitudinal steel bar and concrete were observed in the position of the center longitudinal rebar ( Figure 5(c) ). When the load reached the failure load, the number of flexure-shear cracks increased, and the angle of flexure-shear cracks was approximately 65 ∘ in the upper portion.
(2) The development of vertical splitting cracks was similar in different sized specimens. A vertical short splitting crack was first produced in the compression zone when the yield load was reached. Once the maximum load was reached, relative obvious vertical splitting cracks were produced in specimen WF-7-2. Then, when the failure load was reached, the vertical splitting cracks widened, and extended upward, ultimately crushing the concrete in the compressive zone at failure.
Cyclic Specimens with a Shear Span-to-Depth Ratio of 4.
The development of the failure modes of the specimens with a shear span-to-depth ratio of 4 under cyclic loading is shown in Figure 6 . It includes three stages: yield load, maximum load, and failure load. Two types of cracks mainly occurred, including flexure-shear cracks and splitting cracks.
The location of failure on tested columns was in the plastic hinge region. The size of grid was 50mm, which reflected the heights of failure. For WF-3-4, WF-5-4, and WF-7-4, the heights of failure were approximately 300, 850, and 1200mm. (1) As the applied load increased, the angle of the flexure-shear cracks increased. When the load reached its maximum value, the angle of the flexure-shear cracks reached approximately 45 ∘ and then remained constant. Once the failure load was reached, the horizontally projected lengths of the flexure-shear cracks were approximately equal to half the column width. Finally, about five flexure-shear cracks appeared at failure, and the angle of flexure-shear cracks remained constant.
(2) With increasing displacement, the length and number of vertical splitting cracks increased. A vertical splitting crack was first produced in the compression zone when the yield load was reached. Once the maximum load was reached, more obvious vertical splitting cracks were produced. Then, when the failure load was reached, the vertical splitting cracks widened, extended upward, and developed into the neutral axis. Finally, crushing of the concrete was observed in the compressive zone at failure, with numerous splitting cracks. In summary, as the shear span-to-depth ratio increased, the angle of flexure-shear cracks decreased, length of splitting cracks increased, and number of splitting cracks also increased. For the specimens with the shear span-to-depth ratio of 2, although the angle of the flexure-shear cracks was large, the compressive concrete was still dominated by flexural failure. For the specimens with the shear span-todepth ratio of 4, failure was mainly dominated by flexural failure. Meanwhile, it is important to note here that a slenderer splitting length is different from that of the shear span-to-depth ratio of 2. This difference may lead to the difference in the size effect between them. Moreover, for specimens with the shear span-to-depth ratios of 2 and 4, large stable crack growth was observed before reaching the maximum load [6] , which is in accordance with Bažant's Type 2 size effect model [10] . Figure 7 shows the relationship between force and deformation for the specimens with shear span-to-depth ratios of 2 and 4. The seismic parameter mainly includes energy dissipation and strength degradation factor (as shown in Figures 8 and 9 ). The following main characteristics could be observed.
Horizontal Load-Displacement Curves.
(1) Dissipation energy in the area of the hysteresis loop increased as the displacement increased, and the extent of increase became obvious with large deformation of columns; as the section size increased the energy dissipation increased.
(2) Strength degradation factor at the ratio, that was defined as the ratio 푃 2 (second load) to 푃 1 (first load) under condition of same displacement, was a constant with small deformation of columns for the specimens with the shear span-to-depth ratio of 2 ( Figure 9(a) ). However, the strength degradation factor gradually decreased as the displacement increased with large deformation. For the specimens with the shear span-to-depth ratio of 4 ( Figure 9(b) ), the strength degradation factor was constant throughout the loading progress. In addition, the size of the cross section had no significant effect on the strength degradation factor for the two types of columns.
In summary, according to the design of bending failure, the energy dissipation ability was better. There was no pinchup phenomenon caused by the slip of the steel bar, which was advantageous to the resistance of the structures against earthquake action. In addition, for the short columns with the shear span-to-depth ratio of 2, the strength degradation factor was unstable, which is unfavorable for the stability of the structure, and might even cause the collapse of the structure. However, for the slender columns with the shear span-to-depth of 4, the strength degradation factor was stable, which is advantageous.
Based on the hysteresis curves, a skeleton curve could be obtained by taking the maximum load in the first cyclic loading stage of every load level, as shown in Figure 10 . The bearing capacity of specimens with the shear span-to-depth ratio of 2 was approximately twice that of the shear span-todepth ratio of 4, showing an increase in the horizontal bearing capacity of specimens with the decrease in shear span-todepth ratio. This also suggests that the relationship between shear force and shear span-to-depth ratio was inversely linear. In addition, these curves also exhibited a short plateau, especially for the larger-sized specimens of WF-7-2 and WF-7-4, reflecting the effect of the vertical splitting cracks on moment capacity, and thus these cracks should not be neglected as they might be linked to the size effect.
As shown in Figure 10 , the initial cracking load of the specimens was not obvious, likely due to the influence of the axial load. Therefore, only the yield load, maximum load, and failure load are used as the characteristic points of the curve. The calculation of yield load and failure load is shown in Figure 11 . The yield point Y was determined by the equivalent elastoplastic energy method, i.e., where the area BYC = OAB, and the failure load is simply defined as 85% of the maximum load [32] . The calculated loads and displacements are shown in Table 5 , indicating that the calculated yield load is between 85% and 88% of the maximum load. In the table, the variables 푃 , 푃 , and 푃 indicate the yield load, maximum load, and failure load, respectively, while Δ , Δ , and Δ indicate the displacements at the yield, maximum, and failure loads, respectively. Moreover, for the specimens with the shear span-to-depth ratio of 2, the ductility coefficient-the ratio of failure displacement to yield displacement [30] -was slightly larger than that of the specimens with the shear span-todepth ratio of 4, indicating that the ductility of the short columns is sufficient under the condition of guaranteeing the shear bearing capacity of inclined cross section.
Analysis of Strain in Longitudinal Bars and Stirrups.
The strains in the longitudinal bars and stirrups for the specimens of shear span-to-depth ratios of 2 and 4 are given in Table 6 . The following characteristics were observed:
(1) For the all cyclic WF specimens, the strain in the longitudinal bars reached the yield strain, but only the stirrups in specimen WF-3-4 reached partial yield.
Generally, the overall mechanical behavior of the reinforcement was characterized by the strain in the longitudinal bars reaching the yield strain but not the strain in the stirrups, indicating that the likely final failure mode of the specimens would be flexure before shear. 
Effect of Section Size on Seismic Performance
Relative Nominal Flexural Strength.
The ultimate moment considering the second-order effect is
where 푁 is the axial load, Δ is the displacement, 푉 is the shear force, and 퐻 listed in Table 4 is the total height of the column considering the spherical hinge. The ratio of 푀 to 푓 푏ℎ 2 0 was used to infer the relative nominal flexural strength [27] . The relationship between the relative nominal flexural strength and the nominal angle of rotation is shown in Figure 12 , which reflects the size effect on the relative nominal flexural strength. The nominal angle of rotation is given by Δ/퐻 0 , where Δ is the displacement of the column and 퐻 0 is the theoretical height of the column. As shown in the figure, the relative nominal flexural strength exhibits a size effect at the maximum load and softening stages. The effect of section size on the relative nominal flexural strength at the maximum load is shown in detail in Figure 13 . The relative nominal flexural strength decreased as the section size increased, except for the WF-3 specimen. Notably, for specimens with the shear span-to-depth ratio of 4, the size effect was stronger than that of specimens with the shear span-to-depth ratio of 2, which is in accordance with literature [17] .
Analysis of Energy Dissipation Capacity.
In this study, the equivalent viscous-damping ratio was used as an index to evaluate the energy dissipation ability of the specimens [32] . The relationship between the equivalent viscous-damping ratio and the nominal angle of rotation is shown in Figure 14 , which shows that the equivalent viscous-damping ratio increased as the nominal angle of rotation increased. This indicates that the energy dissipation capacity increases gradually with deflection. In order to evaluate the effect of section size on energy dissipation, the average energy dissipation coefficient proposed by Liang [33] was used as the evaluation index:
where 퐸 is the total hysteresis loop area from yield load to failure load (85% of the maximum sustained load); 퐸 = 푃 Δ /2 is the equivalent elastic energy; 푃 and Δ are the yield load and yield displacement, respectively; and 푚 is the total number of cycles from yield load to failure load. The resulting average energy dissipation coefficients for different sized specimens are shown in Figure 15 . The average energy dissipation coefficient was found to decrease as the section size increased. Overall, these results prove the existence of a size effect. Nevertheless, the results reveal that the size effect of shear span ratio on energy dissipation ability is not obvious. [4] . Table 6 shows that the strain in the tensile longitudinal bars reached the yield point due to bending, the strain in the compressive longitudinal bars reached the yield point due to the combined action of the axial load and bending, but the stirrups could not reach the yield point. This behavior conforms to the general moment capacity calculation method. A simple diagram for calculating moment capacity is shown in Figure 16 . According to the balance of axial forces and moment about the centerline of the section, the equations for axial force (푁) and moment (푀 c ) are 
Effect of Section Size on Moment Capacity
Theoretical Calculation of Moment Capacity (1) Chinese Code for Design of Concrete Structures
where 훼 1 is the ratio of the force in the equivalent rectangular compressive stress block to the axial compressive strength; 훽 1 is the ratio of the depth of equivalent rectangular compressive stress block to the distance of the fiber of maximum compressive strain from the neutral axis; 푃 0 is the distance between the longitudinal bars, and longitudinal bars spacing is uniform; 휀 cu is the maximum usable strain; 푥 is the depth of the equivalent rectangular compressive stress block; 푎 s is the distance from the compressive longitudinal bar to the compressive face; 푎 s is the distance from the tensile longitudinal bar to the tensile face; 퐸 s is the modulus of elasticity; 푓 yk and 푓 are the yield strength of the longitudinal tension and compression bars, respectively; 퐴 s and 퐴 s are the crosssectional area of the longitudinal tension and compression bars, respectively; 푓 ck is the axial compressive strength; 푒 is the eccentric distance from the line of application of the axial load to the centerline of the section; 푉 is the applied horizontal load; and 퐻 is the column height including the hinge. The factor of safety 훼 is defined as 푀 t /푀 c , where 푀 t is the experimentally determined moment capacity, 푀 t = 푁Δ+ 푉퐻 (푁 is the axial load, Δ is horizontal displacement, 푉 is the horizontal load, and 퐻 is the total height including the hinge), and 푀 c is the theoretical moment capacity calculated using the Chinese code and given in (3). The resulting moments and factors of safety are given in Table 7 .
The resulting effect of section size on the factor of safety is shown in Figure 17 . The factor of safety was found to decrease as the section size increased, indicating a strong size effect. Notably, the size effect became stronger as the shear span-to-depth ratio increased. These test results effectively confirm that the evaluated design codes are based on a limit state approach and thus neglect size effects. This leads to potentially unsafe large-sized components when they are designed in accordance with the Chinese code. To address this potentially unsafe design, the equations for calculating moment capacity should be modified.
Size Effect Analysis Based on Fracture Mechanics.
In this study, the Type 2 size effect model proposed by Bažant [10] was used as the theoretical model for determining the size effect according to the analysis of failure modes. The Type 2 equation is
where ℎ is the height of the section, 퐵 is a dimensionless constant, 퐷 0 is the size at which behavior transitions from ductile to brittle, and 푓 is the axial tensile strength of the concrete. In order to obtain the two empirical parameters, 퐵 and 퐷 0 , (7) can be rearranged into
which is of the form 푌 = 퐴푋 + 퐶, where 푌 = (푓 /훼 hD ) 2 , 푋 = ℎ, 퐶 = 1/퐵 2 , and 퐴 = 1/퐵 2 퐷 0 . Then 퐵 and 퐷 0 can be determined from a regression analysis according to the preceding factor of safety relationships. For the specimens with the shear span-to-depth ratios of 2 and 4, the equation capturing the size effect in the form of (7) is therefore
where 푓 1 = 3.48 MPa and 푓 2 = 3.76 MPa. Then, (7) can also be expressed as
To describe this effect in the current study, Figure 18 shows the relationship between the factor of safety and section size of the high-strength RC columns with different shear span-to-depth ratios, in which log(ℎ/퐷 0 ) is plotted against log(훼 hD /퐵푓 ). The size effect appears to be stronger on specimens with the shear span-to-depth ratio of 4 than those with the shear span-to-depth ratio of 2; the response of the shear span-to-depth ratio of 4 to size lies closer the LEFM asymptote.
In order to check the fitting degree of the test results with the Type 2 size effect model [10] , a correlation coefficient,
2 , was applied to evaluate the results. The correlation coefficient for the specimens of shear span-to-depth ratio of 2 is 0.97. For the specimens of shear span-to-depth ratio of 4, the correlation coefficient is 0.67. The correlation coefficients of both types of concrete suggest a very strong correlation between test results and the Type 2 Bažant's model [10] , indicating behavior consistent with the theoretical work of Bažant. 
Modification of Moment Capacity.
In order to eliminate the effect of section size on the factor of safety, the Type 2 size effect model was used as a modification coefficient to improve the moment capacity calculated according to the Chinese code [4] . In many metals, the strength is not attributable to any size effect [34] . Therefore, the moment capacity that concrete shares should be modified using Bažant's Type 2 size effect model. This can be expressed as 훼 훼 1 푓 ck 푏푥(ℎ/2 − 푥/2), where 훼 is the size effect parameter. First, the moment resistance provided only by the concrete is calculated according to the total tested moment capacity, 푀 tc . Then, according to (4), the theoretical moment capacity of the concrete is calculated as 푀 cc . The proportion 푀 tc /푀 cc is then defined as the local factor of safety. The resulting local factors of safety are provided in Table 8 . Figure 19 describes the relationship between the local factor of safety and section size. As shown in the figure, the local factor of safety decreased as the section size increased, exhibiting a strong size effect. Furthermore, as the shear span-to-depth ratio increased the size effect became stronger, except for specimen WF-3-4.
Adopting the same method as applied to the factor of safety, 퐵 and 퐷 0 of Bažant's Type 2 size effect were recalculated. Due to a large error discretization of the WD-3 data, the local factor of safety for this specimen was not considered in the data fitting. Then, for the specimens with the shear span-to-depth ratios of 2 and 4, the size effect equation can be expressed as
By dividing (12) and (13) by the local factor of safety, the size effect equation can be expressed as
where 훼 c01 and 훼 c02 are the local factor of safety of the minimum section size. Introducing (14) and (15) into (4) provides a moment capacity equation accounting for the size effect as follows:
where 훼 is the size effect parameter, i = 1, 2. Using (16), the factors of safety are calculated again and are provided in Figure 20 . Clearly, the modified factors of safety tend to be very consistent regardless of size, indicating that the moment capacity of larger-sized specimens will be as safe as those of smaller sized sections.
Conclusions
The effects of section size on the seismic performance of high-strength RC columns with different shear span-to-depth ratios were investigated experimentally using three columns of different sizes. The results verified the effects of size on the seismic performance of the columns with different shear span-to-depth ratios. The following conclusions can be drawn.
(1) The moment capacity of columns with shear spanto-depth ratios of 2 and 4 can be calculated according to flexural failure under the condition of providing sufficient shearing force of the columns. Meanwhile, the horizontal shear force exhibits a roughly inverse linear relationship with the shear span-to-depth ratio. In addition, the effect of shear span-to-depth ratio on the ductility of columns was not obvious, but as the shear span-to-depth ratio decreased, the strength degradation factor became more pronounced. However, short columns were inevitably formed in structure. Thus, for the safety of the structure, short columns with a shear span-to-depth ratio of 2 might need to be strengthened, such as the use of higher yield strength of stirrup and the increase of the volume-stirrup ratio.
(2) The seismic performance of high-strength RC columns was found to exhibit a strong size effect in which the relative nominal flexural strength, average energy dissipation coefficient, factor of safety, and local factor of safety all decreased as the section size was increased. Moreover, the size effect on the factor of safety was stronger for high-strength RC columns with shear span-to-depth ratio of 4 than those with shear span-to-depth ratio of 2, except for average energy dissipation coefficient.
(3) The change in the factor of safety with size was in good agreement with the Type 2 size effect model proposed by Bažant.
(4) Based on the test results and the Type 2 size effect model, the typical code equation for moment capacity was modified and the resulting equation was shown to provide a consistent factor of safety regardless of member size.
The experimental results presented in this study should serve as an important research database supporting the study of the size effect on high-strength RC columns with different shear span-to-depth ratios. Nevertheless, it is noteworthy that the present study focused on the size effect with respect to the effect of shear span-to-depth ratio. Therefore, further study on the influence of the volume-stirrup ratio, strength of stirrup reinforcement, and axial compression ratio on the size effect in high-strength RC columns will be conducted in the future.
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